Sensory mechanisms controlling the timing of larval developmental and behavioral transitions require the Drosophila DEG/ENaC subunit, Pickpocket1  by Ainsley, Joshua A. et al.
Developmental Biology 322 (2008) 46–55
Contents lists available at ScienceDirect
Developmental Biology
j ourna l homepage: www.e lsev ie r.com/deve lopmenta lb io logySensory mechanisms controlling the timing of larval developmental and behavioral
transitions require the Drosophila DEG/ENaC subunit, Pickpocket1
Joshua A. Ainsley a, Myung Jun Kim a,b,1, Lauren J. Wegman a, Janette M. Pettus a,2, Wayne A. Johnson a,b,⁎
a University of Iowa, Roy J. and Lucille A. Carver College of Medicine, Department of Molecular Physiology and Biophysics, Iowa City, IA 52242, USA
b University of Iowa, Roy J. and Lucille A. Carver College of Medicine, Neuroscience Ph.D. Program, Iowa City, IA 52242, USA⁎ Corresponding author. University of Iowa, Roy J. an
Medicine, Department of Molecular Physiology and Bi
USA. Fax: +1 319 335 7330.
E-mail address: Wayne-A-Johnson@uiowa.edu (W.A
1 Present address: University of Minnesota, Departme
Delaware St SE, Minneapolis, MN 55455, USA.
2 Present address: University of Iowa, Carver Colleg
Internal Medicine, Iowa City, IA 52242, USA.
0012-1606/$ – see front matter © 2008 Elsevier Inc. Al
doi:10.1016/j.ydbio.2008.07.003a b s t r a c ta r t i c l e i n f oArticle history: Growth of multicellular or
Received for publication 17 April 2008
Revised 25 June 2008
Accepted 1 July 2008






Critical periodganisms proceeds through a series of precisely timed developmental events
requiring coordination between gene expression, behavioral changes, and environmental conditions. In
Drosophila melanogaster larvae, the essential midthird instar transition from foraging (feeding) to wandering
(non-feeding) behavior occurs prior to pupariation and metamorphosis. The timing of this key transition is
coordinated with larval growth and size, but physiological mechanisms regulating this process are poorly
understood. Results presented here show that Drosophila larvae associate speciﬁc environmental conditions,
such as temperature, with food in order to enact appropriate foraging strategies. The transition from foraging
to wandering behavior is associated with a striking reversal in the behavioral responses to food-associated
stimuli that begins early in the third instar, well before food exit. Genetic manipulations disrupting
expression of the Degenerin/Epithelial Sodium Channel subunit, Pickpocket1(PPK1) or function of PPK1
peripheral sensory neurons caused defects in the timing of these behavioral transitions. Transient
inactivation experiments demonstrated that sensory input from PPK1 neurons is required during a critical
period early in the third instar to inﬂuence this developmental transition. Results demonstrate a key role for
the PPK1 sensory neurons in regulation of important behavioral transitions associated with developmental
progression of larvae from foraging to wandering stage.
© 2008 Elsevier Inc. All rights reserved.Introduction
Sensory information from a variety of internal and external stimuli
is integrated by the central nervous system to modify both innate and
learned behaviors. This sensory input is critical for an animal to
produce a relevant response to changes in its environment. As an
organism transitions through developmental stages, morphological
and physiological changes often require accompanying transitions in
behavior that must be temporally coordinated. For example, sexual
maturation in many animals is characterized not only by the physical
capability for reproduction but also by expression of appropriate
behavioral programs (Consoulas et al., 2000; Romeo, 2003; Shirangi
and McKeown, 2007). How the timing of these behavioral transitions
are coordinated with internal and external factors to ensure normal
development is not well understood.d Lucille A. Carver College of
ophysics, Iowa City, IA 52242,
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complete metamorphosis to reach adulthood (Riddiford, 1993;
Riddiford et al., 2003; Thummel, 2001). Each life cycle phase is
characterized by a coordinated program of developmental events and
behavioral transitions that have evolved to promote ﬁtness and
survival. Drosophila larvae develop through three larval instars
separated by molting events to allow for continued growth, with a
ﬁnal molt initiating pupation (Riddiford, 1993; Riddiford et al., 2003).
Gene transcription cascades involved in regulation of larval molts
have been shown to be initiated by transient release of the steroid
hormone ecdysone. During most of the larval phase, animals remain
immersed within the food source and feed constantly, displaying
what is known as foraging behavior (Sokolowski et al., 1983). Since
adults do not increase in size after eclosion, growth occurs almost
exclusively during the larval instars. During the third and ﬁnal instar,
larvae enter wandering stage, characterized by cessation of eating,
purging of the gut, and exiting the food to search for a suitable
pupation site. Physiological mechanisms regulating the precise
timing of this major developmental and behavioral transition are
poorly understood, but undoubtedly require coordination between
systemic hormonal signals as well as both internal and external
sensory cues.
The third instar behavioral transition is fundamentally a reversal of
innate responses to food-associated stimuli from food attraction to
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physical association with a food source by sensing food-associated
environmental cues. This has been demonstrated experimentally for
the nematode, Caenorhabditis elegans, which is capable of responding
to food-associated stimuli including odorants, temperature, and
oxygen levels (Chalasani et al., 2007; Cheung et al., 2005; Luo et al.,
2006; Mohri et al., 2005; Mori, 1999; Mori and Ohshima, 1995).
Directed taxis behaviors such as temperature preference have been
examined by observing the distribution of animals on a thermal
gradient, as well as by direct observation of behavioral responses to
changes in temperature (Mori, 1999; Mori and Ohshima, 1995;
Zariwala et al., 2003). Individual nematodes will “track” to the speciﬁc
temperature within a thermal gradient at which it had most recently
found food. These food-associated taxis behaviors require the animal
to integrate disparate sensory inputs from their current environment
for comparison with previously established environmental setpoints
associated with a food source.
One foraging strategy utilized to accomplish these taxis behaviors
involves switching between two primary modes of locomotion
behavior related to speed and turning frequency (Hills et al., 2004;
Pierce-Shimomura et al., 1999; Wakabayashi et al., 2004; Zhao et al.,
2003). An increase in the number of turns and direction reversals in
response to an encounter with a food-associated stimulus, referred to
as area restricted search (ARS) behavior, serves to keep an animal
within a smaller search area. As the amount of time since the last
encounter with a food-associated stimulus increases, the turning rate
of the organism will decrease, resulting in long, relatively straight
locomotion paths (Hills et al., 2004). This dispersal behavior serves to
increase the probability of ﬁnding a food source by expanding the
search area. The dynamic balance between straight movements and
turns results in efﬁcient exploration of the environment and increased
probability of food encounters.
The complete reversal of food attraction to food aversion is a
remarkable phenomenon observed in larvae of holometabolous
insects, such as Drosophila, as they make the developmental
transition from foraging to wandering behavior. How these beha-
vioral changes are regulated and coordinated with hormone-induced
gene transcription remains an open question. We have previously
shown that wild-type wandering stage larvae removed from food and
placed on a non-nutritive agarose sheet will initiate ARS behavior,
with a high number of stops and turns and a decreased search area
(Ainsley et al., 2003). Wandering larvae lacking the degenerin/
epithelial sodium channel (DEG/ENaC) subunit, Pickpocket1 (PPK1),
will display a low number of stops and turns and an increased search
area, indicative of dispersal behavior, when assayed under the same
conditions. This is suggestive of a role for PPK1 in the regulation of
larval behavioral development. PPK1 is speciﬁcally expressed in the
class IV multiple dendritic (mdIV) neurons and two bipolar neurons
located near the posterior spiracles (Adams et al., 1998; Ainsley et al.,
2003). The mdIV neurons have a highly branched dendritic structure
that completely tiles the larval body wall and is evolutionarily
conserved across species of holometabolous insects (Grueber et al.,
2001, 2002).
Results presented here show that wild-type Drosophila larvae are
able to associate speciﬁc environmental conditions with a food source,
leading to stereotyped food-seeking behaviors. During the early third
instar, as animals prepare to enter the wandering stage, behavioral
responses to the same environmental conditions are reversed,
resulting in a transition to food-avoiding behaviors. Disruption of
PPK1 or PPK1 neuron function caused defects in this major develop-
mental and behavioral transition. These defects are not due to a
general delay in development and are speciﬁc to a food-associated
stimulus. Functional PPK1 neurons are required during a critical
period in the early third instar (80–90 h AEL) for the reversal in larval
behavior to occur. These results suggest that afferent sensory input
from the peripheral sensory neurons expressing PPK1 plays a majorrole in coordinating the key larval developmental transition from
foraging to wandering behavior.
Materials and methods
Drosophila stocks
Flies were raised on standard cornmeal–yeast–agar medium.
Stocks and balancer chromosomes not speciﬁcally described in the
text are as included on FlyBase at http://ﬂybase.bio.indiana.edu. All
crosses were performed at 25 °C unless otherwise stated. The w; Df
(2L)b88h49/Df(2L)A400 overlapping deﬁciency stock (Df/Df) was used
as a ppk1 null mutant stock as previously described (Ainsley et al.,
2003). Transgenic stocks were generously provided by Dr. Toshi
Kitamoto (University of Iowa; UAS-shits1) and Dr. Cynthia Hughes (The
Neurosciences Institute, San Diego, CA; clh24–Gal4). The ppk1
deﬁciency chromosome, Df(2L)Exel6035, was maintained over the In
(2LR)Gla Bc balancer allowing selection of heterozygous larval
progeny by absence of the Bc larval marker.
Immunolabeling and microscopy
Polyclonal PPK1 antiserum was raised in rabbits against a peptide
corresponding to the ﬁrst 17 amino acids at the intracellular amino
terminal end of PPK1(MAEIREDEEEKKSGISI). All immunological mani-
pulations including peptide synthesis, conjugation to carrier protein,
injections, bleeds and initial afﬁnity-puriﬁcation were performed
commercially according to standard protocols (Biosource). Afﬁnity-
puriﬁed PPK1 antiserum was stored in small aliquots containing 5%
glycerol at −80 °C.
For immunolabeling of mdIV neurons, late third instar stage larvae
were dissected in 1× PBS, pH 7.4 by opening lengthwise down the
dorsal or ventral surface and pinning ﬂat (inside up) in a custom-made
magnetic chamber. After removal of internal organs, the larval body
wall was ﬁxed for 10 min in 4% paraformaldehyde in 1× PBS by
incubating on a rotating platform at RT. After transfer to a slide well,
larval body walls were ﬁxed for an additional 30–40min in 800ml 1:1
heptane:4% paraformaldehyde (1× PBS). Fixed larval body walls were
then rinsed 3 times for 20minwith PBSS (1× PBS+0.1% saponin). Fixed
tissues were then permeabilized by incubating for at least 1 h in PBSS
followed by blocking for 1 h in PBSSB (PBSS+1% BSA). The anti-PPK1
antibody was incubated with dissected Df(2L)b88h49/Df(2L)A400
third instar larvae lacking PPK1 prior to labeling experiments to
reduce nonspeciﬁc binding. Tissues were then incubated overnight at
4 °C on a platform shaker with anti-PPK1 primary antibody (1:800 in
PBSSB). Primary antibody was removed and tissues rinsed 2× quickly
with PBSS at RT followed by 3 rinses with PBSS for 20 min each. After
rinses, tissues were blocked for at least 1 h at RT in PBSSBN (PBSSB+5%
Normal Goat Serum). Tissues were then incubated for 3–4 h at RT with
the Alexa Fluor 546 secondary antibody diluted in PBSSBN (1:3000;
Molecular Probes, Eugene OR), protecting samples from light
throughout the incubation. Samples were washed 3 times for
20 min with PBSS at RT followed by one wash for 10 min with 1×
PBS. Samples were then slidemountedwith Vectashield (Vector Labs).
Confocal images were taken using a Zeiss LSM510 confocalmicroscope
and manipulated using Adobe Photoshop.
Initial characterization of the ppk1GAL4 transposon detected
expression in a small subset of neurons in the anteromedial upper
brain lobes of the larval CNS (Ainsley et al., 2003). After generating a
higher quality PPK1 antiserum, we were unable to detect any PPK1
immunoreactivity in the central brain or ventral nerve cord (Fig. S1A–
D). Generation and characterization of additional ppk1GAL4 insertions
demonstrated that the brain lobe expression was an insertion artifact.
All ppk1GAL4 insertions utilized in these studies displayed speciﬁc
expression in the mdIV and bipolar posterior spiracle neurons with no
detectable expression in the CNS.
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All crosses were kept at 25 °C under constant light conditions
unless otherwise indicated. Adults were allowed to lay for 4 h on
standard cornmeal–yeast–agar medium. Embryos were collected and
seeded 50 to a vial to ensure a constant larval density for each
experiment. The food was perturbed prior to adding the embryos to
ensure easy access by 1st instar larvae. Ecdysone feeding experiments
were performed by supplementation of food with 200 µg/mL 20-
hydroxyecdysone (20E) prepared by adding an aliquot of a 5 mg/mL
stock solution of 20E in ethanol to standard cornmeal–yeast–agar
medium before it had completely cooled.
ARS (Area Restricted Search) behavior
Speciﬁcally aged larvae were removed by rinsing the food out of
the vial with a wash bottle of ddH2O. Larvae were carefully collected
from the food/water mix with dissecting forceps and rinsed two times
in ddH2O to remove any residual food. Larvae were placed in a Petri
dish (85 mm) containing 1.5% agarose at the indicated assay
temperature and allowed 10 min to acclimate. Larvae were then
moved to a 20 cm×30 cm assay chamber containing 400 mL of 1.5%
agarose. Animals were allowed to crawl freely and the number of stops
and turns performed by individual animals was counted for 2 min.
Turning events were only scored if preceded by at least one forward
locomotion peristaltic wave. Any nonmotile larvae failing to move
from the starting point were excluded from the data set.
Thermal preference behavior
Larval thermal preference behavior was quantiﬁed using thermal
gradient plates similar to those previously described (Rosenzweig et
al., 2005). Behavioral assay chambers were created using 50 mL of 2%
agarose in 140 mm circular Petri dishes. A temperature gradient of
10±1 °C to 28±1 °C was established using an aluminum block kept in
ice on one end and a standard heatblock (VWR Scientiﬁc Products) at
the other end. A Fluke 52II Thermometer with thermocouple probes
was used to verify correct stable temperatures prior to each assay. The
midline diameter of the plate remained at 19±1 °C, several degrees
from the growth temperature of 25 °C. Groups of 15–25 larvae at the
designated developmental stage were rinsed two times in ddH2O to
remove any residual food and then immediately placed along the
midline of a thermotaxis gradient plate. Larvae were allowed to
wander freely for 10 min and then the number on each side of the
plate was counted. Any nonmotile larvae failing to move from the
midline starting point during the test period were excluded from the
data set. Larval temperature preference was quantiﬁed by calculating
a Cool Temperature Preference Index (CTPI=(# larvae on the cool
side−# larvae on the warm side)/ total # of larvae) as previously
described (Liu et al., 2003c).
Detailed larval distribution along a thermal gradientwas determined
using a 10 cm×20 cm assay chamber divided linearly into ten 2 cm
zones. By leaving one end at room temperature and using a standard
heat block on the other end, a gradient was established from 32±1 °C to
20±1 °C. The temperature at the boundary between each zone was
measured prior to each assay. Twenty larvae were placed at the midline
and allowed towander freely for 10min before a digital photographwas
taken for further analysis. Individual larvae were assigned a narrow
temperature range based on their positions within the ten zones.
Larval food exit assay
Six hour egg collections on standard cornmeal–yeast–agar med-
ium were incubated at 25 °C for 48 h before transfer of ﬁrst instar
larvae to fresh vials at 50 larvae/vial. At ~80 h AEL, vials were placed in
a custom behavioral assay chamber with constant light at 25 °C for
time-lapse photography using StealthFire 1394 FireWire cameras and
SecuritySpy (1.3.1) software to capture vial images every 60 min.
Images were analyzed using Photoshop CS2(Adobe) to determinelarval-speciﬁc pixels on vial sides over time and each individual vial
was normalized to its own maximum value. Resulting graphs depict a
rising phase corresponding to larval food exit and a subsequent falling
phase representing tanning of the larval puparium and loss of larval-
speciﬁc pixels that can be equated with puparium formation. The
rising phase from zero to the maximum value is used to calculate a
mean time to 50% of maximum (W50). Each data point represents a
total n≥9 from at least 3 independent experiments.
Statistical analysis
Data was analyzed using Microsoft Excel and GraphPad Prism 4.
Statistical signiﬁcance was determined using unpaired t-tests with a
95% CI unless otherwise indicated.
Results
Reversal of food-associated thermotactic preference during the third
larval instar
The overall developmental transition from foraging to wandering
behavior is likely to involve coordinated changes in a variety of
contributing behavioral components. To better understand these
events, speciﬁc quantiﬁable behavioral changes, such as larval
thermotactic preference, were examined and correlated with the
timing of larval food exit. Larvae were tested by observing their ﬁnal
distribution on an agarose plate with an established 10 °C–28 °C
gradient after a 10 min test period (Figs. 1A and 2A). A cool tem-
perature preference index (CTPI) was calculated to indicate the ﬁnal
distribution of larvae. A positive CTPI (upward deﬂection) indicates a
preference for the cooler half of the plate while a negative CTPI
(downward deﬂection) indicates a preference for the warmer half of
the plate.
Examination of developmental stage-dependent changes in ther-
motactic preference demonstrated a striking reversal in temperature
preference occurring during the transition from foraging towandering
behavior. Third instar foraging stage larvae still immersed in the food
and ranging in age from 78 h to 108 h after egg laying (AEL)
consistently displayed a thermotactic preference for the warmer side
of the temperature gradient consistent with a conditioned preference
for the previous culture temperature (Fig. 1A). Regardless of age,
foraging stage larvae (78–108 h AEL) displayed statistically identical
behavior (one-way ANOVA, Pb0.05). In sharp contrast, wandering
stage larvae that had left the food source (assayed at 108 h AEL or
120 h AEL), preferred the cool side away from the previous culture
temperature (Fig. 1A).
A more detailed analysis of larval temperature preference showed
that, during foraging stage (78–108 h AEL), the majority of larvae
taxed to within 2 °C of the previous culture temperature of 25 °C (Fig.
1B). This is similar to previous observations in C. elegans, although the
smaller nematode displays the ability to more precisely tax along
food-associated isotherms within a gradient (Luo et al., 2006). After
the transition to wandering, however, the larvae strongly preferred
the coldest areas on the assay plate, at least 2 °C cooler than the
culture temperature (Fig. 1B). These results suggested that Drosophila
larvae are able to associate a speciﬁc temperature with a food source.
Once established, this environmental “setpoint” is compared to
current environmental temperature to elicit an appropriate move-
ment strategy. In addition, the striking difference between foraging
and wandering larvae demonstrates that the behavioral response to a
shift in environmental conditions is profoundly altered over a period
of less than 24 h as the larvae proceed through the third instar.
The developmental transition in the behavioral response to temp-
erature was also examined by determining the relative balance
between ARS behavior and dispersal behavior when larvae were
abruptly shifted to new environmental conditions. Larvae cultured at
Fig. 1. Culture temperature preference during foraging stage switches to a preference for cooler temperatures during wandering stage. (A) Temperature preference for w1118 foraging
(78–108 h AEL, white bar) and wandering (108–120 h AEL, black bar) larvae. n≥10 groups. (B) Detailed distribution of w1118 foraging (78–108 h AEL, white bars) and wandering (108–
132 h AEL, black bars) larvae along a thermal gradient. n≥6 groups. t-tests performed between foraging and wandering data sets within each temperature zone. (C) Stop/turn
behavior of larvae removed from culture and assayed at the temperature indicated in boxes above each graph (growth temperature/assay temperature). n≥20 larvae. t-tests
performed vs. 78 h AEL larvae (168 h AEL for larvae grown at 18 °C) within each genotype. All data is represented as mean±SEM. ⁎⁎Pb0.01, ⁎⁎⁎Pb0.0001.
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AEL) third instar by removal from food and placement on a non-
nutritive agarose sheet held at a speciﬁc temperature. ARS/dispersal
behavior was quantiﬁed by counting the number of stops and turns
within a 2 min test period. Early in the third instar (78 h AEL), control
larvae grown at 25 °C and assayed at 20 °C displayed movements
characteristic of dispersal behavior (1.67±0.18 stops/turns, Fig. 1C).
Examination of progressively older larvae showed that the early
dispersal response to the abrupt temperature shift is transitioned to
ARS behavior. At midthird instar (92 h AEL), larvae showed an
increased number of stops/turns, while late third instar larvae (108 h
AEL) performed a high number of stops and turns (6.2±0.55),
indicative of ARS behavior (Fig. 1C). These results are consistent
with the temperature distribution data (Figs. 1A, B) showing that early
third instar foraging stage larvae avoided temperatures signiﬁcantly
different from their culture temperature and wandering stage larvae
sought temperatures cooler than the culture temp.
The observed developmental plasticity of the ARS/dispersal
behavioral response to a temperature shift appeared to be directly
dependent on the previous culture temperature for establishment of
a reference environmental setpoint. The plasticity of this response
was further examined by testing larvae in a variety of temperature
shift paradigms. When assayed at the previous culture temperature
(25 °C) with no temperature shift, foraging stage (78 h AEL) larvae
performed an increased number of stops/turns (4.8±0.35), consis-
tent with detection of conditions similar to those previously
associated with a food source and expression of an appropriate
ARS behavioral response (Fig. 1C). Alterations in the original culture
temperature demonstrated that the resulting behavior was derived
from the change in environmental conditions and was not
dependent upon a speciﬁc inherent temperature preference. Early
third instar (78 h AEL) larvae grown at 32 °C exhibited dispersal
behavior (2.7±0.43) when assayed at 25 °C and those grown at 18 °C
exhibited ARS behavior (4.7±0.52) when assayed at 20 °C (Fig. 1C).
The reversal in thermotactic preference behavior (Figs. 1A, B) and
transition to ARS behavior (Fig. 1C) likely represent two views of the
same developmental transition as the relative levels of turning
behavior are thought to be one key mechanism by which appro-
priate distribution within a thermal gradient is accomplished (Hills
et al., 2004; Pierce-Shimomura et al., 1999; Wakabayashi et al.,
2004; Zhao et al., 2003).Retention of foraging stage behaviors during wandering stage caused by
disruption of PPK1 neuron function
The Drosophila DEG/ENaC subunit, Pickpocket1 (PPK1), was
previously demonstrated to play a role in control of larval turning
behavior (Ainsley et al., 2003). Results from those experiments
showed that loss of ppk1 expression resulted in a low number of
stops/turns, referred to as “enhanced locomotion”, in wandering stage
larvae relative to wild-type controls. In light of current results, it is
clear that wild-type wandering stage larvae tested in those studies
were displaying characteristic ARS behavior and ppk1 mutants
displayed dispersal behavior more appropriate for earlier foraging
stage larvae. This observed retention of foraging-type larval locomo-
tion behavior would be consistent with possible defects in the normal
developmental transition from foraging to wandering behavior.
PPK1 expression is restricted to the segmentally repeated mdIV
neurons and two bipolar neurons near the posterior spiracles with no
detectable expression in the central nervous system (Fig. S1). The
speciﬁcity of PPK1 expression has been demonstrated using six
separate insertions of a ppk1GAL4 transgene to express CD8-GFP as
well as a polyclonal antibody against the PPK1 protein (Fig. S1). The
anti-PPK1 antibody only labeled the soma and discrete puncta along
the dendrites of the mdIV neurons, showing that subcellular localiza-
tion of PPK1 is restricted to sensory structures of the cell and is
excluded from the axon (Fig. S1). PPK1 neuron function was
manipulated using the ppk1GAL4 transgene and an independent
GAL4 driver expressing speciﬁcally in the mdIV neurons and the
posterior spiracle bipolar neurons, clh24–Gal4 (Hughes and Thomas,
2007), to misexpress various proteins and examine their effect upon
larval development.
PPK1 neurons were inactivated using the ppk1GAL4 transposon to
drive neuron-speciﬁc expression of UAS–dOrk1ΔC, a constitutively
active Drosophila ORK1 K+ leak channel previously shown to
electrically silence neurons by hyperpolarization (Nitabach et al.,
2002). When assayed for thermotactic preference behavior, foraging
stage ppk1GAL4/UAS–dOrk1ΔC larvae (78–108 h AEL) displayed a
normal thermotactic preference for temperatures near their original
culture temperature (Fig. 2A). In contrast, wandering stage ppk1GAL4/
UAS–dOrk1ΔC larvae (108–112 h AEL) displayed a failure to transition
to the reversed thermotactic preference appropriate for their apparent
developmental stage (Fig. 2A). ppk1GAL4/UAS–dOrk1ΔC foraging
Fig. 2. Larvae with disrupted PPK1 neurons have a defective behavioral transition from foraging stage to wandering stage. (A) Temperature preference results for third instar foraging
stage (78–108 h AEL, white bars) and wandering stage (108–144 h AEL, black bars) larvae of the indicated genotypes. n≥10 groups. t-tests performed vs. ppk1GAL4/+ wandering stage
larvae. (B) Larval stop/turn behavior data superimposed over a developmental timeline with the predicted 20-hydroxyecdysone (20E) titer curves (dashed black line) redrawn based
upon published data (Warren et al., 2006). Timing of the foraging to wandering stage behavioral transition (food exit) is roughly indicated by the vertical dashed line at 102 h AEL.
ppk1Gal4/+ (white circles), ppk1 null mutant (Df/Df, black squares), Df/Df; ppk1GAL4/UAS–PPK1 (white triangles), Df/Df; ppk1GAL4/+ (X's), Df/Df; +/UAS–PPK1 (black triangles).
n≥20 larvae. t-tests performed vs. ppk1Gal4/+ at 78 h AEL. (C) Stop/turn behavior of larvae of the indicated genotypes removed from culture at 25 °C and assayed at 20 °C. n≥20
larvae. t-tests performed vs. 78 h AEL within each genotype. (D) Stop/turn behavior of larvae with the clh24–Gal4 transgene removed from culture at 25 °C and assayed at 20 °C. n≥20
larvae. t-tests performed vs. 78 h AEL within each genotype. (E) Stop/turn behavior of larvae of the indicated genotypes at 108 h AEL fed media with and without the ecdysone
metabolite 20-hydroxyecdysone (20E). n≥20 larvae. t-tests performed between the 20E and non-20E results within each genotype. All data is represented as mean±SEM. ⁎Pb0.05,
⁎⁎⁎Pb0.0001.
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original culture temperature indicating that the observed mutant
phenotype was not due to a thermosensory defect. Rather, these
results are consistent with a developmental defect in the innate
behavioral response.
PPK1 function was speciﬁcally disrupted using two previously
characterized transposons, ppk1RNAi in the presence of the ppk1
deﬁciency chromosome, Df(2L)Exel6035, or the dominant-negative
UAS–PPK1[E145X] (Ainsley et al., 2003). Consistent with results from
ppk1GAL4/UAS–dOrk1ΔC larvae, both ppk1RNAi/Df(2L)Exel6035 and
ppk1GAL4/UAS–PPK1[E145X] animals displayed normal foraging
stage temperature preference, but failed to show the reversal in
thermotactic preference behavior consistent with the mid- to late
third instar (Fig. 2A). These results suggest an important role for the
PPK1 protein and PPK1 neuron function in the third instar behavioral
transition.The retention of inappropriate behaviors into wandering stage
could also be demonstrated using the stop/turn assay. This assay
allows for quantitative assessment of exploratory behavior in
response to a uniform temperature shift (Figs. 2B, C). ppk1 null
mutant larvae were previously generated using two overlapping
genomic deﬁciencies, Df(2L)b88h49 and Df(2L)A400 (Adams et al.,
1998; Ainsley et al., 2003). In the absence of PPK1, larvae grown at
25 °C failed to make the developmental transition to ARS behavior in
response to a temperature shift to 20 °C (Fig. 2B). ppk1 null mutant
larvae (Df/Df) continued to display a dispersal response to 20 °C
characteristic of foraging stage larvae even when assayed at 114 h or
126 h AEL (Fig. 2B). This phenotype was rescued by transgenic
expression of wild-type PPK1 using ppk1GAL4 and UAS–PPK1.
Transgenic controls containing a single transgene in the Df(2L)
b88h49/Df(2L)A400 background show no rescue of the mutant
phenotype (Fig. 2B). Retention of the dispersal response into the late
Fig. 3. Disruption of PPK1 neuron function does not affect behavioral response to a non-
food associated stimulus, NaCl. (A) Stop/turn behavior of w1118 larvae assayed at the
culture temperature of 25 °C on 1 M NaCl media. (B) Stop/turn behavior of larvae
removed from culture at 25 °C and assayed at 20 °C in the presence of 0.2 M NaCl. t-tests
performed vs. age-matched control assayed in the absence of NaCl. In all cases, n≥20
larvae. All data is represented as mean±SEM. ⁎⁎Pb0.01, ⁎⁎⁎Pb0.0001.
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reduced using ppk1RNAi transposons or by overexpression of the
dominant-negative PPK1[E145X] isoform (Fig. 2C). In addition,
electrical silencing of PPK1 neurons in ppk1GAL4/UAS–dOrk1ΔC
larvae caused the same retention of dispersal behavior (Fig. 2C).
Results utilizing the ppk1GAL4 transposon for neuron-speciﬁc
manipulation of PPK1 neuron activity demonstrate a central regula-
tory role in the midthird instar developmental and behavioral
transition. To verify that the observed results are not caused by
effects speciﬁcally associated with the ppk1GAL4 transposon, an
independent GAL4 driver transposon (clh24–GAL4 (Hughes and
Thomas, 2007)) displaying an identical neuronal expression pattern,
was substituted in parallel experiments. Silencing of the PPK1 neurons
with clh24–Gal4 and UAS–dOrk1ΔC produced the same behavioral
phenotype, demonstrating that the observed results are not caused by
artifactual expression of the ppk1Gal4 transgene (Fig. 2D). Transgenic
controls using clh24–Gal4 alone were normal (Fig. 2D).
A defect in the synthesis or release of ecdysone caused by
disruption of PPK1 neuron function during the third instar could
potentially lead to the observed developmental delays. To test the
possibility that PPK1 neurons might regulate ecdysone production orFig. 4. Larvae with defective PPK1 neurons have a prolonged third instar. (A, B) Delayed tim
larval wandering. Data is represented as mean±SEM. The rising phase in each curve represe
represents a loss of larval-speciﬁc pixels as cuticle tanning occurs during pupation. (A) pp
circles) (B) ppk1GAL4/+ (white circles); UAS–PPK1[E145X]/+ (gray squares); ppk1GAL4/UAS
third instar morphology at 74 h AEL.signaling, larvae were grown on food supplemented with 200 µg/mL
20-hydroxyecdysone (20E), an active metabolite of ecdysone.
ppk1Gal4/+ and ppk1Gal4/UAS–dOrk1ΔC larvae grown on 20E-
supplemented food until testing in the stop/turn behavioral assay at
108 h AEL showed no signiﬁcant difference when compared to
controls. Although not deﬁnitive, these results suggest that behavioral
and developmental defects caused by disruption of PPK1 neurons did
not result from a failure of ecdysone release (Fig. 2E).
The observed behavioral phenotypes caused by disruption of PPK1
neuron function could potentially be caused by more generalized
defects in larval locomotion. Defects in the ability of animals to
physically perform ARS behaviors or a defect in thermosensation
might be predicted to cause similar phenotypes. However, PPK1-
disrupted larvae do still display a clear thermotactic preference with
the physical ability to move toward a preferred temperature range.
This indicates that the defect is in the age-appropriate thermotactic
preference, not in their ability to sense temperature. Foraging stage
larvae with disrupted PPK1 neuron function perform normal age-
appropriate thermotactic behaviors consistent with no general
locomotion deﬁcits or defects in their ability to sense or respond to
temperature. Our previous detailed examination of larval locomotion
revealed no general defects (Ainsley et al., 2003). In addition, recent
work has shown that inhibition of the mdIV neurons does not
interfere with normal crawling behavior (Hughes and Thomas, 2007).
The appearance of a behavioral deﬁcit only in wandering stage
animals also suggests a potential role for the PPK1 neurons in control
of key aspects of the third instar developmental and behavioral
transition from foraging to wandering behavior.
It is likely that both foraging and wandering stage larvae use ARS
and dispersal behaviors to respond appropriately to other environ-
mental factors including non-food associated attractive and aversive
stimuli. To demonstrate that larvae with disrupted PPK1 neurons are
indeed physically capable of performing ARS behaviors, we examined
their behavioral response to aversive and attractive NaCl concentra-
tions. It was shown previously that Drosophila larvae preferentially
migrate toward low salt concentrations and away from high salt
concentrations (Liu et al., 2003b). As shown above, 78 h AEL foraging
stage larvae display ARS behavior when tested in the stop/turn assay
at the culture temperature (Fig. 1C). However, when challenged with
an aversive NaCl concentration (1 M), w1118 control larvae displayed
dispersal behavior (Fig. 3A). When grown at 25 °C and assayed at
20 °C with an attractive NaCl concentration (0.2 M) foraging stage
w1118 and ppk1GAL4/+ control larvae performed an increased
number of stops and turns, indicative of ARS behavior (Fig. 3B).
Larvae with disrupted PPK1 neuron function, either throughing of larval food exit in PPK1 neuron-disrupted animals. W50=time to 50% maximum
nts an increase in larval-speciﬁc pixels as the animals leave the food. The falling phase
k1GAL4/+ (white circles); UAS-Ork1ΔC/+ (gray circles); ppk1GAL4/UAS–dOrk1ΔC (black
–PPK1[E145X] (black squares). n≥9 groups. (C) Percentage of larval mouthhooks with
Fig. 5. Determination of a critical period for PPK1 neuron function during early-third
instar foraging stage. (A, B) Wild-type (w1118, white bars) and ppk1.9GAL4/UAS-shits
(gray bars) larvae were grown at 25 °C and shifted to 30 °C at the indicated timepoint in
hours AEL. Larvae were then scored for stop/turn behavior at 108 h AEL or at the
indicated timepoint. n≥20 larvae. t-tests performed vs. age and temperature shift-
matched wild-type controls. (A) Larvae were grown at 25 °C until the indicated
timepoint AEL and then shifted to 30 °C until scoring at 20 °C at 108 h AEL. (B) Larvae
were grown at 25 °C, shifted to 30 °C during the indicated 10 h time period and then
returned to 25 °C until scoring at 20 °C at the indicated time AEL. Data is represented as
mean±SEM. ⁎⁎⁎Pb0.0001.
52 J.A. Ainsley et al. / Developmental Biology 322 (2008) 46–55overexpression of dOrk1ΔC or RNAi-induced reduction of ppk1
levels, also displayed an identical increase in the number of stops/
turns as wild-type larvae in response to 0.2 M NaCl (Fig. 3B). These
results demonstrate that larvae with defective PPK1 neurons do not
have general defects in turning or taxis behaviors; rather the
phenotype is evident in the context of the developmentally regulated
responses to food-associated stimuli.
A critical period for PPK1 neuron function early in third instar
The developmental and behavioral transition from foraging to
wandering stage in an individual larva is traditionally deﬁned as
permanent exit from the food late during third instar (Riddiford,
1993). However, the observed PPK1-dependent behavioral transition
from dispersal to ARS behavior was initiated prior to larval food exit
(Fig. 2B). This result indicates that a dynamic process of behavioral
change is initiated early in the third instar as preparation for eventual
food exit. The ability of PPK1 neurons to impact the timing or ability of
animals to leave the food later in third instar was evaluated using
time-lapse photography and digital image analysis to quantitate larval
food exit. Both ppk1GAL4/UAS–dOrk1ΔC (Fig. 4A) and ppk1GAL4/
UAS–PPK1[E145X] (Fig. 4B) larvae exited the food ∼9 h later than
transgenic controls leading to a subsequent delay in pupariation (Figs.
4A, B). This delay is not caused by a general delay in development prior
to the third instar since timing of the third instar molt of larvae with
defective PPK1 neurons was indistinguishable fromwild-type controlsas judged by larval mouthhook morphology (Fig. 4C). Therefore,
progression through embyrogenesis and the ﬁrst two larval instars
occurs without noticeable defects and there is no detectable
developmental delay prior to the third instar.
These results as well as those from the thermotactic preference
(Fig. 2A) and stop/turn behavioral assays (Figs. 2B–D) suggested that
the function of PPK1 neurons is required during early third instar prior
to larval food exit. This possibility was examined using a temperature-
sensitive Shibire transgene (UAS-shits1) (Kitamoto, 2001). Drosophila
shibire (shi) encodes Dynamin, a protein required for endocytosis and
synaptic vesicle recycling (Kitamoto, 2002). Incubation of animals
expressing SHIts1 in speciﬁc neurons at the restrictive temperature of
30 °C causes a rapid and reversible inhibition of synaptic transmission
(Kitamoto, 2001). Wild-type and ppk1GAL4/UAS-shits1 larvae were
grown at 25 °C and then moved to 30 °C at designated developmental
timepoints until 108 h AEL (Fig. 5A). Late third instar larvae (108 h
AEL) were tested in the stop/turn assay for their behavioral response
to a shift to 20 °C agarose plates. Wild-type control animals displayed
the expected ARS behavior with a high stop/turn frequency regardless
of when the switch to 30 °C occurred, indicating the temperature shift
itself has no effects on the behavioral transition (Fig. 5A, white bars).
Transfer of ppk1GAL4/UAS-shits1 larvae to 30 °C prior to 90 h AEL
caused a retention of the foraging-type dispersal behavior into
wandering stage, while transfer to 30 °C at 90 or 100 h AEL had no
detectable effect, suggesting a critical period for PPK1 neuron function
occurs prior to 90 h AEL (Fig. 5A, gray bars).
To further deﬁne the critical period, larvae cultured at 25 °C were
transiently moved to 30 °C for the indicated 10 h period and then
returned to 25 °C until assayed for stop/turn behavior on 20 °C assay
plates at the indicated ages (Fig. 5B). Defects in the developmental
transition from dispersal to ARS behavior were only seen when 30 °C
incubations were performed from 80–90 h AEL whether assayed at
108 h AEL or at later timepoints (114 h and 126 h AEL) (Fig. 5B).
The observed 80–90 h AEL critical period for PPK1 neuron
function correlates with our previously demonstrated PPK1-depen-
dent behavioral transitions. Reversal of thermotactic preference
(Figs. 1A, B) and the transition from dispersal behavior to ARS
behavior (Fig. 1C) were both initiated between 78–92 h AEL when
the larvae were grown at 25 °C. Timing of these events during the
early third instar foraging stage also corresponds temporally to the
previously proposed time range during which the decision to stop
feeding, exit the food and transition from foraging to wandering
behavior is being made (Beadle et al., 1938; Riddiford, 1993). These
results are consistent with a key role for PPK1 neuron function in
determining the timing of the midthird instar developmental and
behavioral transition.
Discussion
The ﬁnal larval instar in holometabolous insects has long been
associated with important developmental checkpoints required for
progression into metamorphosis (Mirth and Riddiford, 2007; Riddi-
ford, 1993; Riddiford et al., 2003; Thummel, 2001). Extensive studies
inDrosophila have demonstrated a developmentally regulated cascade
of gene expression during the third instar necessary for pupation and
metamorphosis mediated by speciﬁc releases of the steroid hormone
ecdysone and a family of differentially-expressed steroid receptor
isoforms (Riddiford, 1993; Riddiford et al., 2003; Thummel, 2001).
Small pulses of ecdysone during the third instar likely play a role in
regulating the behavioral changes involved in transitioning from
foraging to wandering behavior (Warren et al., 2006). Although the
details of how this occurs are unclear, it is apparent that the cascade of
hormonally-regulated alterations in gene expression during the third
instar must be temporally coordinated with behaviors appropriate for
the developmental stage (Riddiford, 1993; Riddiford et al., 2003;
Thummel, 2001). Results presented here suggest a role for PPK1 and
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during third instar.
ppk1 joins a small group of genes that have been shown to play a
role in regulating larval foraging behavior. One of the most well
studied genes, foraging (for), encodes a cGMP-activated protein kinase
(PKG) with two common alleles: forR and forS (Sokolowski, 2001).
Larvae with the “rover” allele, forR, move farther while foraging in the
presence of food while larvae with the “sitter” allele, forS, remain
within a smaller area. Unlike larvae with defective PPK1 neurons,
there is no difference in behavior between the two alleles in the
absence of food. Mutants of the gene scribbler, a likely nuclear protein,
assayed in the absence of food display an increased turning rate
compared to wild-type (Yang et al., 2000). There is no phenotype
when assayed in the presence of food, suggesting that scribbler
mutant larvae continue to display food-associated behaviors in the
absence of food. The Drosophila gene neuropeptide F (dNPF) is a
homolog of the mammalian gene neuropeptide Y, both of which have
been found to mediate feeding behaviors (Gruninger et al., 2007; Wu
et al., 2003). dNPF expression within a small number of larval CNS
neurons is high during foraging stage and is downregulated as the
larvae transition into wandering stage (Wu et al., 2003). Disruption of
the dNPF signaling pathway through genetic ablation of the dNPF-
expressing neurons or the dNPF receptor (NPFR1)-expressing neurons
causes an early display of wandering-type behaviors, the opposite
effect of a disruption of PPK1 neurons. The phenotype referred to as
hypermobility in Wu et al. (2003), refers to an increase in path length
of foraging larvaewhenplaced on a non-nutritive agarose sheet, and is
likely the dispersal behavior described here. ppk1 adds another piece
to the puzzle of foraging behavior regulation, and future research into
possible interactions between ppk1 and these genes should provide
new insights into the complex pathways involved.
Previous work examining the coordinated timing of Drosophila
larval development has focused mainly on ecdysone pulses, linear gene
expression cascades, growth rates, and timing of pupation (Riddiford,
1993; Riddiford et al., 2003; Thummel, 2001). Although remarkable
advances in understanding have been made, relatively little attention
has been directed toward detailed examination of the concurrent
behavioral transitions and their mechanisms of regulation. Our results
describe previously uncharacterized transitions in food-associated
larval behaviors temporally associated with the foraging to wandering
developmental transition. These behavioral transitions were absent in
larvae with disrupted PPK1 neurons. In spite of defects in these precise
larval behavioral transitions occurring early in third instar, the majority
of PPK1 neuron-disrupted animals were still able to exit the food and
pupariate, although with a signiﬁcant delay (Figs. 4A, B).
The observed retention of appropriate larval molts and subsequent
successful pupariation of the majority of PPK1 neuron defective larvae
(Fig. 4) is consistent with the failure of 20E food supplementation to
rescue the developmental phenotypes (Fig. 2E). When considered
together, these results suggest that PPK1 neurons do not directly
regulate the release of ecdysone. It seems likely that previously
unrecognized levels of behavioral complexity and coordination are
part of the developmental transition leading to pupariation. The
overall transition appears to be composed of multiple layers of
coordinated behavioral programs responding to both internal and
external regulatory signals. Individual behavioral transitions observed
during third instar can be uncoupled from other developmental
events, implyingmultiple parallel pathways rather than a single linear
cascade. Precise coordination of these pathways would likely require
some form of communication or crosstalk during development.
It has been apparent for decades that early third instar represents a
critical period regulating adult size and the timing of pupation and
metamorphosis (Beadle et al., 1938). This important developmental
period is the time of threshold size assessment when larvae reach a
minimum size necessary to produce a viable adult (Mirth and
Riddiford, 2007). Nutritional stores must be sufﬁcient for survivalthroughmetamorphosis before larval feeding ceases since feedingwill
not resume until adult eclosion (Mirth and Riddiford, 2007). There-
fore, the appropriate timing of this developmental transition is a life or
death decision. In Drosophila larvae, assessment of the threshold size
for metamorphosis has been proposed to be mediated by insulin-
dependent growth and attainment of a threshold size of the
prothoracic gland, the site of ecdysone release (Caldwell et al., 2005;
Mirth et al., 2005; Shingleton et al., 2005). Rather than a single
dominant signal, determination of adequate larval growth is likely to
occur through a complex interplay of both cell autonomous and non-
cell autonomous mechanisms taking into account information such as
environmental conditions, organ size, and amount of stored nutrients.
Inactivating the PPK1 neurons by expression of a temperature-
sensitive shibire mutant transgene and exposure to the restrictive
temperature from 80–90 h AEL causes defects in normal behavioral
transitions (Fig. 5). Defective behavioral phenotypes are apparent late
in third instar, long after the PPK1 neurons have been returned to the
permissive temperature, allowing normal neuronal function. This is an
expected characteristic of a sensory mechanism regulating larval
development during the critical period early in third instar. Taken
together, the data suggest that ppk1 and PPK1-expressing neurons
have an important sensory role during the critical period in early third
instar that is already known to be necessary for size assessment and
normal developmental progression.
Results presented here are in contrast to previously published
results from characterization of larval thermotaxis, which have been
thought to suggest that Drosophila larvae prefer speciﬁc temperatures
regardless of the culture conditions (Lingo et al., 2007;McKemy, 2007).
Adult Drosophila will preferentially migrate toward a temperature
optimal for survival (24 °C), independent of previous culture
temperature, consistent with an intrinsic temperature preference
unaffected by environmental conditions (Sayeed and Benzer, 1996).
Previous ﬁndings are less clear during larval stages. One study showed
wandering stage larvae grown at room temperature preferentially
migrate to the cooler temperature when placed on thermal gradients
from 11 °C–18 °C or 18 °C–30 °C, but foraging stage larvae were not
tested (Liu et al., 2003c). Another study demonstrated that foraging
stage larvae will migrate to a cooler area to avoid aversive high
temperatures, but they have not previously been tested for preference
between non-aversive temperatures (Rosenzweig et al., 2005).
Detailed analysis has revealed that, unlike adults, Drosophila larvae
use the temperature of the food source as a reference to ensure food
association. This reference setpoint contributes to the larval foraging
strategy by comparisonwith external thermosensory input to produce
an appropriate behavioral response. Thermotactic preference beha-
viors elicited in response to the same shift in environmental conditions
are reversed as the animal progresses through third instar. This
behavioral transition is consistent with maintenance of food associa-
tion by foraging stage animals followed by loss of that behavioral drive
as the larvae enter wandering stage when food is no longer a priority.
What sensory function might the PPK1 neurons perform?
Subcellular localization of PPK1 in a distinct punctate pattern within
the dendrites of the mdIV neurons suggests a likely sensory function
(Fig. S1). Morphological characteristics of the complex mdIV dendritic
arbor tiling the larval body wall (Grueber et al., 2002) are consistent
with a role in sensing either components of the larval hemolymph or
signals produced from or transferred through either the epidermis or
the larval musculature. The morphology of the mdIV neurons is
evolutionarily conserved across holometabolous species, suggesting a
similar function during the larval stage of these insects (Grueber et al.,
2001, 2002). PPK1 is also expressed in a pair of bipolar neurons
innervating the posterior spiracles, the posterior opening of the larval
tracheal system. Since neither the ppk1GAL4 or clh24–GAL4 driver
transposons are able to distinguish between PPK1 function in the
mdIV and posterior spiracle neurons, a role in sensing information
related to air intake must also be considered.
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play a role in awide variety of sensory modalities, giving no clues as to
the sensory function of PPK1 (Kellenberger and Schild, 2002). DEG/
ENaC proteins share a common topology with two membrane-
spanning domains, intracellular amino- and carboxy-termini and a
large cysteine-rich extracellular loop (Kellenberger and Schild, 2002).
This common structure is utilized in sensory signaling processes
ranging from mechanotransduction, nociception and salt taste
sensation to a proposed function in synaptic plasticity (Goodman
and Schwarz, 2003; Krishtal, 2003; Lingueglia, 2007). In addition, the
vertebrate ENaCs are involved in salt and water homeostasis across
epithelial and endothelial sheets (Kellenberger and Schild, 2002) and
in the clearing of ﬂuids from bronchiole passages during development
(Hummler et al., 1996).
Despite the potential role of DEG/ENaC subunits in a broad variety
of physiological processes, only three general types of stimuli
(protons, neuropeptides and mechanical displacement) have been
conclusively shown to activate members of this channel family. They
are not voltage-gated and vertebrate ENaCs are considered to be
constitutively active (Kellenberger and Schild, 2002; Lingueglia,
2007). The only conﬁrmed activator of the vertebrate acid-sensing
ion channels (ASICs), members of the DEG/ENaC family, is extra-
cellular protons, although that response does not extend to all
members (Kellenberger and Schild, 2002; Lingueglia, 2007). Mechan-
ical stimuli such as touch and/or proprioceptive movement have also
been demonstrated to activate selected members of the DEG/ENaC
family in both invertebrate and mouse models (Lingueglia, 2007).
Functional channels are normally heteromultimeric requiring the
association of heterologous DEG/ENaC subunits (Lingueglia, 2007)
and/or essential non-DEG/ENaC proteins (Goodman and Schwarz,
2003; Kellenberger and Schild, 2002). PPK1 is likely to function as part
of a multimeric complex associated with at least one of the 30 other
DEG/ENaC proteins identiﬁed in the Drosophila genome (Adams et al.,
1998; Liu et al., 2003a; unpublished observations) as well as with
other possible non-DEG/ENaC partners.
Recently, a polymodal nociceptive function has been proposed for
the mdIV neurons (Hwang et al., 2007). Blocking synaptic transmission
in themdIV neurons through expression of the tetanus toxin light chain
also blocked the larval response to a high temperature insult and
reduced the response to a harsh mechanical stimulus. Research from C.
elegans showing that nociceptive neurons sensing food-derived signals
regulate feeding behavior allows speculation that similar processesmay
occur in Drosophila larvae (de Bono et al., 2002). However, this does not
rule out the possibility of polymodal function of the mdIV neurons
regulating both nociception and developmental timing through
separate stimuli, or that a dose-dependent response to a stimulus
causes regulation of development at low doses and nociception at high
doses. Future work into the sensory stimulus activating PPK1 and the
PPK1 neurons will provide insight into their function as well as the
general role of environmental stimuli inﬂuencing innate behaviors and
the timing of developmental transitions.
Acknowledgments
The authors would like to thank Melissa Contreras and Sophie
Krajewski for excellent technical assistance. We would also like to
thank Dr. Toshihiro Kitamoto (U. of Iowa) and Dr. Cynthia Hughes (The
Neurosciences Institute, San Diego, CA) for ﬂy stocks. This work was
supported by a grant from the American Heart Association to WAJ
(0455638Z). JAA is supported by a predoctoral fellowship from the
American Heart Association (0610138Z).
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ydbio.2008.07.003.References
Adams, C.M., et al., 1998. Ripped Pocket and Pickpocket, novel Drosophila DEG/ENaC
subunits expressed in early development and in mechanosensory neurons. J. Cell
Biol. 140, 143–152.
Ainsley, J.A., et al., 2003. Enhanced locomotion caused by loss of the Drosophila DEG/
ENaC protein Pickpocket1. Curr. Biol. 13, 1557–1563.
Beadle, G.W., et al., 1938. Food level in relation to rate of development and eye
pigmentation in Drosophila melanogaster. Biol. Bull. 75, 447–462.
Caldwell, P.E., et al., 2005. Ras activity in the Drosophila prothoracic gland regulates
body size and developmental rate via ecdysone release. Curr. Biol. 15, 1–11.
Chalasani, S.H., et al., 2007. Dissecting a circuit for olfactory behaviour in Caenorhabditis
elegans. Nature 450, 63–70.
Cheung, B.H.H., et al., 2005. Experience-dependent modulation of C. elegans behavior by
ambient oxygen. Curr. Biol. 15, 905–917.
Consoulas, C., et al., 2000. Behavioral transformations during metamorphosis:
remodeling of neural and motor systems. Brain Res. Bull. 53, 571–583.
de Bono, M., et al., 2002. Social feeding in Caenorhabditis elegans is induced by neurons
that detect aversive stimuli. Nature 419, 899–903.
Goodman, M.B., Schwarz, E.M., 2003. Transducing touch in Caenorhabditis elegans.
Annu. Rev. Physiol. 65, 429–452.
Grueber, W.B., et al., 2001. Tiling of the body wall by multidendritic sensory neurons in
Manduca sexta. J. Comp. Neurology 440, 271–283.
Grueber, W.B., et al., 2002. Tiling of the Drosophila epidermis by multidendritic sensory
neurons. Development 129, 2867–2878.
Gruninger, T.R., et al., 2007. Molecular signaling involved in regulating feeding and other
motivated behaviors. Mol. Neurobiol. 35, 1–20.
Hills, T., et al., 2004. Dopamine and glutamate control area-restricted search behavior in
Caenorhabditis elegans. J. Neurosci. 24, 1217–1225.
Hughes, C.L., Thomas, J.B., 2007. A sensory feedback circuit coordinates muscle activity
in Drosophila. Mol. Cell. Neurosci. 35, 383–396.
Hummler, E., et al., 1996. Early death due to defective neonatal lung liquid clearance in
alpha-ENaC-deﬁcient mice. Nat. Genet. 12, 325–328.
Hwang, R.Y., et al., 2007. Nociceptive neurons protect Drosophila larvae from parasitoid
wasps. Curr. Biol. 17, 2105–2116.
Kellenberger, S., Schild, L., 2002. Epithelial sodium channel/degenerin family of ion
channels: a variety of functions for a shared structure. Physiol. Rev. 82, 735–767.
Kitamoto, T., 2001. Conditional modiﬁcation of behavior in Drosophila by targeted
expression of a temperature-sensitive shibire allele in deﬁned neurons. J.
Neurobiol. 47, 81–92.
Kitamoto, T., 2002. Targeted expression of temperature-sensitive dynamin to study
neural mechanisms of complex behavior in Drosophila. J. Neurogenet. 16, 205–228.
Krishtal, O., 2003. The ASICs: signaling molecules? Modulators? Trends Neurosci. 26,
477–483.
Lee, T., Luo, L., 1999. mosaic analysis with a repressible neurotechnique cell marker for
studies of gene function in neuronal morphogenesis. Neuron 22, 451–461.
Lingo, P.R., et al., 2007. Co-regulation of cold-resistant food acquisition by insulin- and
neuropeptide Y-like systems inDrosophilamelanogaster. Neuroscience 148, 371–374.
Lingueglia, E., 2007. Acid-sensing ion channels in sensory perception. J. Biol. Chem. 282,
17325–17329.
Liu, L., et al., 2003a. Drosophila DEG/ENaC pickpocket genes are expressed in the
tracheal system, where they may be involved in liquid clearance. Proc. Nat. Acad.
Sci. U. S. A. 100, 2128–2133.
Liu, L., et al., 2003b. Contribution of Drosophila DEG/ENaC genes to salt taste. Neuron 39,
133–146.
Liu, L., et al., 2003c. Identiﬁcation and function of thermosensory neurons in Drosophila
larvae. Nat. Neurosci. 6, 267–273.
Luo, L., et al., 2006. Sensorimotor control during isothermal tracking in Caenorhabditis
elegans. J. Exp. Biol. 209, 4652–4662.
McKemy, D.D., 2007. Temperature sensing across species. Pﬂugers Arch. 454, 777–791.
Mirth, C., et al., 2005. The role of the prothoracic gland in determining critical weight for
metamorphosis in Drosophila melanogaster. Curr. Biol. 15, 1–12.
Mirth, C.K., Riddiford, L.M., 2007. Size assessment and growth control: how adult size is
determined in insects. Bioessays 29, 344–355.
Mohri, A., et al., 2005. Genetic control of temperature preference in the nematode
Caenorhabditis elegans. Genetics 169, 1437–1450.
Mori, I., 1999. Genetics of chemotaxis and thermotaxis in the nematode Caenorhabditis
elegans. Annu. Rev. Genet. 33, 399–422.
Mori, I., Ohshima, Y., 1995. Neural regulation of thermotaxis in Caenorhabditis elegans.
Nature 376, 344–348.
Nitabach, M.N., et al., 2002. Electrical silencing of Drosophila pacemaker neurons stops
the free-running circadian clock. Cell 109, 485–495.
Pierce-Shimomura, J.T., et al., 1999. The fundamental role of pirouettes in Caenorhabditis
elegans chemotaxis. J. Neurosci. 19, 9557–9569.
Riddiford, L.M., 1993. Hormones and Drosophila development. In: Bate, M., Martinez
Arias, A. (Eds.), The Development of Drosophila melanogaster, Vol. 2. Cold Spring
Harbor Laboratory Press, Plainview, NY, pp. 899–939.
Riddiford, L.M., et al., 2003. Insights into the molecular basis of the hormonal control of
molting and metamorphosis from Manduca sexta and Drosophila melanogaster.
Insect Biochem. Mol. Biol. 33, 1327–1338.
Romeo, R.D., 2003. Puberty: a period of both organizational and activational effects of ste-
roidhormones onneurobehavioural development. J. Neuroendocrinol.15,1185–1192.
Rosenzweig, M., et al., 2005. The Drosophila ortholog of vertebrate TRPA1 regulates
thermotaxis. Genes Dev. 19, 419–424.
Sayeed, O., Benzer, S., 1996. Behavioral genetics of thermosensation and hygrosensation
in Drosophila. PNAS 93, 6079–6084.
55J.A. Ainsley et al. / Developmental Biology 322 (2008) 46–55Shingleton, A.W., et al., 2005. The temporal requirements for insulin signaling during
development in Drosophila. PLoS Biol. 3, 1607–1617.
Shirangi, T.R., McKeown, M., 2007. Sex in ﬂies: what ‘body–mind’ dichotomy? Dev. Biol.
306, 10–19.
Sokolowski, M.B., 2001. Drosophila: genetics meets behaviour. Nat. Rev. Genet. 2,
879–890.
Sokolowski, M.B., et al., 1983. Drosophila larval foraging behaviour: developmental
stages. Anim. Behav. 32, 645–651.
Thummel, C.S., 2001. Molecular mechanisms of developmental timing in C. elegans and
Drosophila. Dev. Cell. 1, 453–465.
Wakabayashi, T., et al., 2004. Neurons regulating the duration of forward locomotion in
Caenorhabditis elegans. Neurosci. Res. 50, 103–111.Warren, J.T., et al., 2006. Discrete pulses of molting hormone, 20-hydroxyecdysone,
during late larval development of Drosophila melanogaster: correlations with
changes in gene activity. Dev. Dyn. 235, 315–326.
Wu, Q., et al., 2003. Developmental control of foraging and social behavior by the
Drosophila neuropeptide Y-like system. Neuron 39, 147–161.
Yang, P., et al., 2000. Abnormal turning behavior in Drosophila larvae: identiﬁcation and
molecular analysis of scribbler (sbb). Genetics 155, 1161–1174.
Zariwala, H.A., et al., 2003. Step response analysis of thermotaxis in Caenorhabditis
elegans. J. Neurosci. 23, 4369–4377.
Zhao, B., et al., 2003. Reversal frequency in Caenorhabditis elegans represents an
integrated response to the state of the animal and its environment. J. Neurosci. 23,
5319–5328.
